
Supernovae
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***warning*** 
I’m *not* at all supernova expert; just a few thoughts about 

how supernova play a critical role in understanding disparate 
aspects of physics!
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February 11, 2016   LIGO Press Announcement 
(Kip Thorne speaking)

https://www.youtube.com/watch?v=aEPIwEJmZyE



April 7, 1987   New York Times on Supernova 1987A

THE nearby explosion of a star and a lucky succession of scientific 
accidents are combining to create a new branch of astronomy, in which new 

instruments sensitive to streams of neutrino particles could serve as the 
counterparts of light-gathering telescopes. 

http://great-year.com/Supernova_1987A.jpg



''Theories of stellar evolution predict that supernova explosions should occur 
fairly often … we should be able to detect the neutrino signature of about one 

relatively nearby supernova every ten years.'' 

(late) John Bahcall

April 7, 1987   New York Times on Supernova 1987A



''Theories of stellar evolution predict that supernova explosions should occur 
fairly often … we should be able to detect the neutrino signature of about one 

relatively nearby supernova every ten years.'' 

(late) John Bahcall

Take all (legitimate!) press/public releases of scientific 
information with a grain of salt…

April 7, 1987   New York Times on Supernova 1987A



Supernovae

3 Vignettes 

•  1987A - neutrinos! 

•   “Type II” supernovae and “heavy” elements 

•   “Type Ia” supernovae and cosmology 



Supernovae
Type II, Ib, and Ic supernova 
are core-collapse supernova.  

Gravitational collapse powers 
the explosion.

Type Ia supernovae are 
themonuclear explosions.
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http://www.astro.sunysb.edu/lattimer/AST301/SNela_ast301.pdf



Supernova 1987A

http://great-year.com/Supernova_1987A.jpg



Supernova 1987A

This image shows the remnant of Supernova 1987A seen in light of very different wavelengths. 
ALMA data (in red) shows newly formed dust in the centre of the remnant. Hubble (in green) and 

Chandra (in blue) data show the expanding shock wave.
https://upload.wikimedia.org/wikipedia/commons/a/af/Composite_image_of_Supernova_1987A.jpg



PBS NOVA program

(late) Stirling Colgate

https://www.youtube.com/watch?v=ubDjB-gHfsw



PBS NOVA program

Stan Woosley

https://www.youtube.com/watch?v=ubDjB-gHfsw



Type II (Core Collapse) Supernova

http://image.slidesharecdn.com/conleycis100pptassignment-121119223233-phpapp01/95/conley-cis100-pptassignment-8-638.jpg?cb=1353364436



Type II (Core Collapse) Supernova

http://futurism.com/wp-content/uploads/2014/02/Supernova-Types-Infographic-From-Quarks-to-Quasars.png



Neutrinos

Lawrence Krauss

p + e-    ->        n  +  νe

https://www.youtube.com/watch?v=gcZqqTffjJ0



PBS NOVA program - neutrino observation

https://www.youtube.com/watch?v=ubDjB-gHfsw
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Arnett, Bahcall, Kirshner, Woosley. 
Published in Ann.Rev.Astron.Astrophys. 27 (1989) 629-700



Type-Ic supernovae are similar in many ways to type
Ib but lack a distinctive He I absorption line at 5876 A
(Filippenko, 1997). It is debated whether this deficiency
implies an actual absence of He in the presupernova star
or reflects insufficient mixing of radioactivity in the Ic’s
to excite energetic transitions in helium (Woosley and
Eastman, 1993). Many of the helium stars in Fig. 5 have
lost most, but not all, of their helium shell and are es-
sentially balls of carbon and oxygen (plus an iron core)
when they explode.

X. CONCLUSIONS AND FUTURE DIRECTIONS

Qualitatively, the evolution of massive stars and their
explosion as supernovae is understood. This understand-
ing allows us to state with some confidence the origin of
the elements (Table II), the nature of supernova light
curves and spectra (Figs. 30 and 31), the expected
masses of neutron stars (Fig. 17), and probably even
how the star explodes (Sec. V.C). However, there remain
many uncertainties and perhaps it is appropriate to close
by enumerating some of them.

• Convection:
The greatest uncertainty still afflicting our under-
standing of the presupernova evolution of massive
stars—and stars in general—is the rudimentary theory
of convection used in their study. Neither the strict
Ledoux nor the Schwarzschild criterion is capable of
explaining all the observations, and a quantitative
theory of semiconvection and convective overshoot
mixing is lacking.

• The type-II supernova explosion mechanism:
Despite 50 years of intensive investigation, we still do
not understand exactly how massive stars blow up.
Models of increasing complexity and dimensionality
exist but still do not adequately predict such funda-
mentals as the explosion energy and mass cut (includ-
ing fallback). They are thus unable to predict with
necessary precision the mass of neutron stars or the
products of explosive silicon burning. Uncertainty in
the explosion mechanism as well as the nuclear equa-
tion of state makes it difficult to predict which stars
will leave neutron stars as remnants and which will
leave black holes.

• Rotation and magnetic fields:
Sufficient calculations have been done to show that
both rotation and magnetic fields are quite important
in the presupernova star and probably during the ex-
plosion. Even if the star rotates rigidly on the main
sequence, what is the final distribution of angular mo-
mentum? Why do pulsars have the rotation rates that
they do? What is their initial magnetic-field distribu-
tion and why? Do magnetic fields play a role in the
explosion?

• Uncertain nuclear reaction rates:
We are much better off than when Burbidge et al.
(1957) wrote their classic paper, but key nuclear quan-

tities still have unacceptably large errors. Chief among
these are the reaction rates for 12C(! ,")16O and
22Ne(! ,n)25Mg.

• The site for the r process and details of the p process:
The neutrino wind (Sec. VIII.B.5) is a promising site
for the r process, but the simple one-dimensional
models lack sufficient entropy or rapid enough expan-
sion to produce the heavy r process nuclei. For the p
process, how are the lighter ones, near N!50, made?

• The relation of massive stars to gamma-ray bursts:
Increasing evidence points to a connection. Are some
supernovae powered by jets and not neutrinos? Which
stars make gamma-ray bursts and how? What does
the stellar counterpart to a gamma-ray burst look like
just after the explosion?

• Mass-loss rates:
The rate at which mass is lost from luminous blue
variable stars, red and blue supergiants, and Wolf-
Rayet stars greatly influences the presupernova model
(Sec. IV.F) and nucleosynthesis (Sec. VIII.D). Particu-
larly uncertain is the mass-loss rate for Wolf-Rayet
stars and how all these mass-loss rates scale with me-
tallicity, especially for very metal-deficient composi-
tions.

Given the importance of massive stars and superno-
vae to so many aspects of modern astrophysics as well as
the prowess of modern computers, we are confident that
considerable progress will be made on at least several of
these questions during the next decade—or at least dur-
ing the next 40 years.
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Predicted Elemental 
Abundances 

(from one 25 solar mass 
Type II)

tronomers (Woosley and Weaver, 1980). This isotope is
produced by proton reactions on 25Mg and is partly de-
stroyed by the neutron flux !26Al(n ,p)26Mg" .

In fact, there is some ambiguity in separating the
products of explosive neon and carbon burning from
preexplosive burning. In many massive stars the carbon
and neon convective burning shells (and sometimes even
the oxygen-burning shell) merge in the last hours of the
star’s life (Fig. 9). Temperatures are so high at the base
of the convective shell that carbon and neon burn while
being convected downwards. Since the convective
speeds are not too much less than the sound speed (and
the sound speed is comparable to the escape velocity),
the condition #nuc$#conv is not so different from the clas-
sic condition for explosive nucleosynthesis, #nuc$#HD
with #HD given by Eq. (35).

3. The p process

Between roughly 2 and 3!109 K the s-process nuclei
produced in helium and carbon burning, as well as those

incorporated into the original star, experience a partial
meltdown to the iron group. Along the way, chiefly by a
combination of (% ,n), (% ,p), and (%,&), the p process
nuclei are produced (Arnould, 1976; Woosley and
Howard, 1978; Rayet et al., 1995).

Figure 27 shows the production of a large number of
p-process nuclei in our fiducial 25M! supernova explo-
sion. The p-process isotopes of Hg, Os, W, Hf, Yb, Sm,
Ce, Ba, and Xe are particularly well produced with a
yield consistent with other major productions in the
same star. More problematic are the p isotopes of Pt, Er,
Dy, Gd, and all the elements below Te and heavier than
Zr (Z between 40 and 52). Especially disturbing are the
small productions of 92,94Mo and 96,98Ru, which have
relatively large abundances in the sun (doubtless related
to the closed neutron shell at N"50). Of course this is
but one star and the relevant reaction rates are more
uncertain here than for the lighter nuclei. Still, these
deficiencies are difficult to explain away. Production
would be improved, especially for Mo and Ru, if the

FIG. 27. Final nucleosynthesis
from a 25M! supernova com-
pared to solar abundances (He-
ger, Woosley, Rauscher, and
Hoffman, 2002). Isotopes of a
given element are all the same
color and are connected by
lines. All ejecta, including the
wind, are included. A possible r
process in the neutrino wind is
not taken into account here.
The production factor is the ra-
tio of the mass fraction in the
ejecta divided by the mass frac-
tion in the sun [Color].

1055Woosley, Heger, and Weaver: Evolution and explosion of massive stars

Rev. Mod. Phys., Vol. 74, No. 4, October 2002

 Woosley, Heger, Weaver,  
Rev.Mod.Phys. 74 (2002) 1015



VIII.B.5). ‘‘He(s)’’ is the helium-burning s process in
massive stars (Sec. III.E).

Figure 27 shows the final nucleosynthesis in the super-
nova explosion of a 25M! star (12.5M! at death; Table
I). The network included all necessary isotopes through
mass 210 and reaction rates current as of 2001. Certainly
the solar abundances do not originate from any one
mass of star, or even any group of stars with a single
metallicity, but the consistent production of so many
species in a single model is impressive. With rare excep-
tions that probably have alternate explanations (Table
II), all the isotopes from oxygen through nickel are con-
sistently co-produced in solar proportions with a produc-
tion factor of about 15 (in this figure, the initial compo-
sition of the sun would be a set of points all lying on ‘‘1’’;
a production factor of 15 means that the sun’s comple-
ment of metals could be understood if 1/15 of its mass
passed through conditions like those in this 25M! star).
The r , s , and p processes are also well produced, per-
haps a little overproduced, from nickel to about A!88.
In a 15M! star (not shown here) the s-process yield is
less. The yield of these ‘‘trans-iron’’ elements is also sen-
sitive to a still poorly determined rate for
22Ne(! ,n)25Mg. Above mass 90, nucleosynthesis in mas-
sive stars is mostly restricted to the p process and possi-
bly the r process.

Using a grid of masses and metallicities, Timmes,
Woosley, and Weaver (1995) computed the integrated

nucleosynthesis of stars above 8M! . Mass loss was not
included in their models, the nuclear physics was that of
1993, the grid of masses was coarse, and species heavier
than zinc were not studied. Still, Fig. 28 shows that the
good agreement with solar abundances in Fig. 27 is, if
anything, improved by considering an ensemble of stars.
The slight overproductions of Ni, Cu, and Zn may reflect
an overestimate of the 22Ne(! ,n)25Mg reaction rate.
Better agreement can be achieved by adding sources
other than the big bang, massive supernovae, and AGB
stars that are in Fig. 29, but then the number of free
parameters becomes large.

2. Gamma-ray lines and meteorite anomalies

Not obvious in Table III is a variety of moderate- to
long-lived radioactive isotopes produced in massive
stars. Chief among them are 22Na (2.6 y), 26Al (7.5
"105 y), 44Ti, (60 y) 56,57Ni (6.1 d, 1.5 d), 56,57,60Co (77.1
d, 271 d, 5.27 y), and 60Fe (1.5"106 y), the numbers in
parentheses being the half-lives. The observation of
characteristic lines from these nuclear decays poses a
particular challenge to the gamma-ray astronomer, and
their signals can yield important information on many
fronts—the rate and distribution of massive star forma-
tion and supernovae in the galaxy (26Al and 60Fe); the
mass cut and degree of fallback (44Ti, 56,57Ni, 56,57Co);
explosive helium and carbon burning (60Fe, 60Co); and a

FIG. 28. Integrated nucleosynthesis from a grid of massive stars (11–40M!) of various metallicities (0Z!, 10#4Z!, 0.01Z!,
0.1Z!, and 1Z!) compared to the solar abundances (Timmes, 1996). This figure also includes contributions from the big bang
(hence 2H) but not from low-mass stars (especially 12C and 14N) or type-Ia supernovae (especially 55Mn, 54,56Fe, and 58Ni) or
novae (15N, 17O). The overproduction of Zn and Ni isotopes may reflect an overly large rate for 22Ne(! ,n)25Mg during the s
process [Color].
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variety of other aspects of the supernova progenitor and
explosion mechanism (Clayton, Colgate, and Fishman,
1969; Clayton, 1982; Diehl and Timmes, 1998).

Thus far gamma-ray lines of 26Al have been studied
extensively in the disk of the Milky Way (Diehl et al.,
1995); 56Co and 57Co have been detected in SN 1987A
(reviewed by Arnett, Bahcall, et al., 1989) and 44Ti has
been found in the case A supernova remnant (Iyudin
et al., 1994). In all cases, the observed fluxes are consis-
tent with theoretical expectations from massive star nu-
cleosynthesis (Timmes et al., 1995, 1996; Meynet et al.,
1997) given a reasonable but liberal error bar on the
latter, especially for 44Ti. An active campaign is under-
way by the INTEGRAL mission to find lines of 60Fe at
the predicted level (Timmes et al., 1995).

Convincing evidence also exists that at least one of the
above radioactivities, 44Ti, along with many other prod-
ucts of massive star nucleosynthesis, found their way
into interstellar dust particles and later into meteorites
(Travaglio et al., 1999). Interestingly the abundance
anomalies resulting from 44Ti decay are found in carbide
grains, whereas the 44Ti likely formed in regions with a
large oxygen excess. Clayton, Liu, and Dalgarno (1999)
have explained how this might be possible in a radioac-
tive background where gamma rays dissociate carbon
monoxide.

Evidence for 26Al in meteorites (see, for example,
Lee, Papanastassiou, and Wasserburg, 1977) has also
been interpreted as implying the injection of radioactive
fallout into the primitive solar nebula by a nearby super-
nova. Other short-lived radioactivities such as 36Cl,
41Ca, 60Fe, and 182Hf may also have been injected (see,
for example, Meyer and Clayton, 2000).

Taken together, the gamma-ray lines and meteoritic
anomalies give strong support to a theory in which many
isotopes are synthesized in nature explosively with a
short time scale.

IX. LIGHT CURVES AND SPECTRA OF TYPE-II AND
TYPE-IB SUPERNOVAE

The light curve of a supernova from a massive star
consists of three parts whose relative proportions vary
depending upon the mass of the hydrogen envelope (if
any), its radius, the explosion energy, and the mass of
56Ni produced in the explosion.

A. Shock breakout

The electromagnetic display commences as the shock
wave erupts from the surface of the star (Garresberg,
Imshennik, and Nadyozhin, 1971; Chevalier, 1976; Falk,

FIG. 29. The agreement in Fig. 28 is greatly improved if one includes the iron-group production from three varieties of type-Ia
supernovae (see text and Table III) as well as classical novae (Timmes, 1996) [Color].
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Type Ia (Explosive) Supernova

http://slideplayer.com/slide/3852659/



Type Ia (Explosive) Supernova
Type Ia Supernovae Theory

Sirius A and its white dwarf 
companion Sirius B (NASA/HST)

● Best model for SNe Ia: thermonuclear 
explosion of a carbon/oxygen white 
dwarf

– Electron degeneracy pressure provides 
support

● Very different than thermal pressure

● Heisenberg uncertainty principle + 
Pauli exclusion principle at work

● Chandrasekhar showed maximum mass 
supported by electron degeneracy 
pressure is 1.4 times the mass of the 
sun.

– This maximum mass provides the 
robustness we are looking for.  

http://www.astro.sunysb.edu/lattimer/AST301/SNela_ast301.pdf



Type Ia Supernovae Observations

One of the main observables for SNe 
Ia is the lightcurve.  Observations of 
nearby events have shown that the 
variation in the lightcurves can be 
corrected for.  In this way SNe Ia act 
as standard candles.

If we know how bright these 
explosions are intrinsically, and we 
measure how bright they appear to 
us, then we can measure their 
distance.

Phillips (1993), 
Perlmutter et al. 
(1997)

http://www.astro.sunysb.edu/lattimer/AST301/SNela_ast301.pdf



Saul Perlmutter Nobel Lecture

https://www.youtube.com/watch?v=z31rTvGyBh0



Type Ia Supernovae Observations

Plotting the distance 
verse redshift produces 
a Hubble diagram.  

Distance supernovae 
allow us to determine 
the cosmological 
parameters.

In 1998, this led to the discovery 
that the expansion rate of the 
Universe is accelerating.

http://www.astro.sunysb.edu/lattimer/AST301/SNela_ast301.pdf



M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

sample �coh
low-z 0.12
SDSS-II 0.11
SNLS 0.08
HST 0.11

Table 9. Values of �coh used in the cosmological fits. Those val-
ues correspond to the weighted mean per survey of the values
shown in Figure 7, except for HST sample for which we use the
average value of all samples. They do not depend on a specific
choice of cosmological model (see the discussion in §5.5).

redshift
0 0.5 1

co
h

σ

0

0.05

0.1

0.15

0.2

Fig. 7. Values of �coh determined for seven subsamples of the
Hubble residuals: low-z z < 0.03 and z > 0.03 (blue), SDSS
z < 0.2 and z > 0.2 (green), SNLS z < 0.5 and z > 0.5 (orange),
and HST (red).

may a↵ect our results including survey-dependent errors in es-
timating the measurement uncertainty, survey dependent errors
in calibration, and a redshift dependent tension in the SALT2
model which might arise because di↵erent redshifts sample dif-
ferent wavelength ranges of the model. In addition, the fit value
of �coh in the first redshift bin depends on the assumed value
of the peculiar velocity dispersion (here 150km · s�1) which is
somewhat uncertain.

We follow the approach of C11 which is to use one value of
�coh per survey. We consider the weighted mean per survey of
the values shown in Figure 7. Those values are listed in Table 9
and are consistent with previous analysis based on the SALT2
method (Conley et al. 2011; Campbell et al. 2013).

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density
⌦m. However, SNe alone can only measure ratios of distances,
which are independent of the value of the Hubble constant today
(H0 = 100h km s�1 Mpc�1). In this section we discuss ⇤CDM
parameter constraints from SNe Ia alone. We also detail the rel-
ative influence of each incremental change relative to the C11
analysis.

10�2 10�1 100
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�
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(G
)+
↵

X 1
�
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Low-z

SDSS

SNLS

HST

Fig. 8. Top: Hubble diagram of the combined sample. The dis-
tance modulus redshift relation of the best-fit ⇤CDM cosmol-
ogy for a fixed H0 = 70 km s�1 Mpc�1 is shown as the black
line. Bottom: Residuals from the best-fit ⇤CDM cosmology as
a function of redshift. The weighted average of the residuals in
logarithmic redshift bins of width �z/z ⇠ 0.24 are shown as
black dots.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10pc) computed for a fixed
fiducial value of H0 = 70 km s�1 Mpc�1,13 assuming an unper-
turbed Friedmann-Lemaître-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The
free parameters in the fit are ⌦m and the four nuisance param-
eters ↵, �, M1

B and �M from Eq. (4). The Hubble diagram for
the JLA sample and the ⇤CDM fit are shown in Fig. 8. We find
a best fit value for ⌦m of 0.295 ± 0.034. The fit parameters are
given in the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data
to the C11 sample is interesting in several respects. Most impor-
tantly, cross-calibrated accurately with the SNLS, the SDSS-II
data provide an alternative low-z anchor to the Hubble diagram,
with better understood systematic uncertainties. This redundant

13 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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Supernova Observations versus Redshift



Robert Kirshner explains…

https://www.youtube.com/watch?v=wNMBVF2lncM



M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (24)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate

Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.
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Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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Big mystery remains!   w=-1 is cosmological constant

Steven Weinberg

https://www.youtube.com/watch?v=g-y3DPJRVhE


